Summary
Copper has an important role in the life cycle of many streptomycetes, stimulating the developmental switch between vegetative mycelium and aerial hyphae concomitant with the production of antibiotics. In streptomycetes, a gene encoding for a putative Sco-like protein has been identified and is part of an operon that contains two other genes predicted to handle cellular copper. We report on the Sco-like protein from Streptomyces lividans (Sco Sl ) and present a series of experiments that firmly establish a role for Sco Sl as a copper metallochaperone as opposed to a role as a thiol-disulphide reductase that has been assigned to other bacterial Sco proteins. Under low copper concentrations, a Dsco mutant in S. lividans displays two phenotypes; the development switch between vegetative mycelium and aerial hyphae stalls and cytochrome c oxidase (CcO) activity is significantly decreased. At elevated copper levels, the development and CcO activity in the Dsco mutant are restored to wild-type levels and are thus independent of Sco Sl . A CcO knockout reveals that morphological development is independent of CcO activity leading us to suggest that Sco Sl has at least two targets in S. lividans. We establish that one Sco Sl target is the dinuclear Cu A domain of CcO and it is the cupric form of Sco Sl that is functionally active. The mechanism of cupric ion capture by Sco Sl has been investigated, and an important role for a conserved His residue is identified.
Introduction
Streptomycetes are soil-dwelling Gram-positive bacteria best known for their ability to produce a bewildering array of secondary metabolites that have antibiotic, antimicrobial and anti-cancer properties [1] . The onset of chemical differentiation (antibiotic production) coincides with the onset of morphological development from a vegetative growth to a reproductive growth phase beginning with aerial mycelium followed by cell division and sporulation. The bioavailability of copper (Cu) has been shown in certain Streptomyces strains to stimulate morphological development and antibiotic production [2] [3] [4] [5] . This dependence is restricted to the reproductive growth phase (aerial mycelium and spores), whereas vegetative growth proceeds under strongly Cu-limiting conditions. The Cu proteome of Streptomyces coelicolor has been reported based on in silico methods and contains a large number of cuproproteins and cupro enzymes [6, 7] . The stimulatory effect of Cu in development therefore suggests that some Cu-dependent biochemical functions correlate with the complex life cycle of streptomycetes and that cuproproteins and cuproenzymes must play a part. However, their identification and role in development have yet to be fully elucidated [7] . Streptomyces lividans has an even more pronounced dependence on Cu for development than S. coelicolor. The former shares a high level of sequence identity and genome organization with S. coelicolor but the annotated genome has not yet been reported. Therefore, the gene numbering of the annotated S. coelicolor genome database is used in this study in keeping with previous studies of cuproproteins in S. lividans [8, 9] . A recent study has highlighted that in the five sequenced and annotated genomes of streptomycetes a conserved unidirectional gene cluster is present that includes three genes (3966, 3965, 3964) predicted to encode cuproproteins (figure 1) [4] . In S. coelicolor, experimental evidence suggests that this cluster has a central role in the utilization of Cu and may therefore have a complex role in the Cudependent stimulation of development [4] . The operon has been named the sco operon owing to the presence of a gene encoding for a protein with a CXXXC motif and sequence homology with the Sco/SenC/PrrC protein family. Synthesis of cytochrome c oxidase (Sco) proteins is present in both eukaryotes and prokaryotes, and was first identified, along with other cytochrome c oxidase (CcO) assembly factors, in the mitochondria of yeast and then subsequently in humans where a role as a Cu(I)-metallochaperone in co-factoring the mixed valance di-nuclear Cu A site of the aa 3 -type CcO of the mitochondrial electron transport chain was first proposed [12 -14] .
The most extensively studied bacterial Sco protein is that from Bacillus subtilis (Sco Bs ). This protein has been reported to bind both Cu(I) and Cu(II) in vitro, and a genetic knockout of Sco Bs leads to a marked phenotype on the activity of the aa 3 -type CcO and organism viability [15] suggesting a role in Cu A site maturation in this Gram-positive bacteria. An alternative role as a thiol-disulphide reductase has been proposed for bacterial Sco proteins [10, 16, 17] . Evidence for this comes from an in vitro NMR study using the periplasmic Sco protein form Thermus thermophilus (Sco Tt ), which was found to be incapable of delivering Cu to the Cu A site of CcO [18] . Instead, a role in keeping the Cys residues of the Cu A site in the reduced form to facilitate metallation of the Cu A site by a newly identified periplasmic Cu(I) chaperone, PCu A C (periplasmic Cu A chaperone) [18] , was proposed. PCu A C is not present in all bacteria and is absent in B. subtilis, but in S. lividans the 3965 gene, part of the sco operon (figure 1a), is predicted to encode a PCu A C-like protein [7] . The structures of Sco proteins from yeast [19] , human [20, 21] , B. subtilis [10, 22] and T. thermophilus [18] all have a fold very similar to the thioredoxin (Trx) superfamily (figure 1b), and, importantly, the CXXXC motif implicated in Cu binding ( figure 1b) Figure 1 . The sco operon, X-ray crystal structure of apo-Sco Bs and multiple sequence alignment of bacterial Sco proteins for which biochemical or structural data have been reported. (a) Schematic of the unidirectional sco operon (3966, 3965 and 3964), including two upstream and two downstream genes found in Streptomyces coelicolor. The coding sequence numbers assigned in the S. coelicolor genome are indicated with the respective annotations obtained from the StrepDB; 3968 (integral membrane protein), 3967 (hypothetical membrane protein), 3966 (Sco/SenC/PrrC-like protein), 3965 (conserved hypothetical protein), 3964 (integral membrane putative Cu transport protein with Cu binding CopC-like and CopD-like domains), 3963 (hypothetical protein) 3962 ( prephenate dehydratase involved in Phe biosynthesis). (b) Cartoon representation of the X-ray crystal structure of apo-Sco Bs ( pdb 1XZO) [10] . The location of the His and Cys residues considered to be involved in Cu(II) coordination are labelled with S. lividans numbering. CLUSTALW2 sequence alignments [11] of bacterial Sco proteins with completely and partially conserved residues boxed from dark blue to light blue, respectively. The residues involved in Cu(II) coordination are indicated (asterisk) and a plus symbol indicates the position of Trp-132 for S. lividans. The UniprotKB NCBI accession numbers are gi j257157333j (Bacillus subtilis), gi j77386477j (Rhodobacter sphaeroides), gi j198443051j (Thermus thermophilus).
rsob.royalsocietypublishing.org Open Biol 3: 120163 exists across species [17] . In this study, we have focused our attention on the Sco-like protein identified in S. lividans (Sco Sl ), in which the gene (3966) is located in the so-called sco operon (figure 1a) [4] . We report herein on the properties of an N-terminal-truncated form of the 3966 gene product upon addition of cupric ions and assess the redox and thioldisulphide reductase activity of the CXXXC motif in the absence of Cu. Parallel in vivo studies have been performed and imply a critical role for Sco Sl both in the development switch from vegetative mycelium to aerial hyphae and in the activity of the aa 3 -type CcO at low [Cu] . The development switch is found to be independent of CcO activity, and we present evidence to suggest that a second Sco Sl target, requiring
Cu for function, is essential for morphological development in S. lividans under low Cu levels. Mechanistic features of Cu(II) loading to Sco Sl and the H176A mutation have been studied, which together with the in vivo data leads to new insights into the functional role of Sco Sl in S. lividans.
Material and methods

Generation of the Sco and Cox mutants of Streptomyces lividans 1326
The agar media soya flower mannitol (SFM), R5 (complex medium) and Difco nutrient agar (DNA) were prepared according to Kieser et al. [25] . Antibiotics were used in the following final concentrations: apramycin (50 mg ml
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) and thiostrepton (5-20 mg ml
). Agar plates were incubated at 308C, and spore stocks were obtained from cultures grown on SFM plates and stored in 20 per cent glycerol at 2208C. The 3966 gene encoding for Sco Sl was deleted in S. lividans 1326 (S. lividans 66, stock number 1326 from the John Innes Centre) in a two-step process using the CRE-lox system [26] . First, the gene (nt þ 33 to 490) was replaced by homologous recombination with an apramycin-resistance cassette flanked by loxP sites. For this purpose, the upstream flanking region of 3966 (from 22160 to þ32) and the downstream flanking region (from þ491 to 2471) were amplified from genomic DNA by PCR introducing EcoRI, XbaI and XbaI, HindIII sites, respectively, for cloning purposes. These two fragments and the apramycin-resistance cassette flanked by loxP sites were cloned in the delivery vector pWHM3 that is unstable in Streptomyces [27] . Following protoplast transformation, recombinants that were apramycin-resistant but had lost the vector (thiostrepton-resistance) were isolated. Second, an unstable, plasmid-encoding Cre recombinase was introduced [26] . The Cre recombinase allowed for the excision of the apramycin-resistance cassette on the lox sites. The resulting strain, Dsco, has lost most of the coding sequence of Sco Sl and has only a 61 nt scar, including two
XbaI sites left in the genome. The Dsco strain was analysed by PCR to confirm the loss of 3966 and vector sequences. The cox::Apra mutant was isolated with a similar protocol replacing the open reading frames of 2155 and 2156 with the apramycin-resistance cassette. The replacement was confirmed by PCR.
Plasmid construction for complementation
For complementation/over-expression of Sco Sl in wild-type (wt) 1326 and Dsco strains of S. lividans, the 3966 gene including 747 nt upstream was cloned in pHJL401 as an EcoRI-BamHI fragment generated by PCR with genomic DNA as template. The 747 nt upstream contains the entire promoter region of 3966 as determined by promoter probing with the redD gene as reporter [28] . The Sco Sl H176A mutation was introduced in this construct by fusion PCR of two fragments with a 24 nt overlap. The inserts of all plasmids used in this study were sequenced on both strands. Introduction of the plasmids in S. lividans was carried out by protoplast transformation according to standard protocols.
In vivo cytochrome c oxidase assay
The in vivo CcO activity was visualized with N,N,N 0 ,N 0 -tetramethyl-p-phenylenediamine (TMPD) as substrate essentially according to references [29, 30] . The wt and mutant strains were spotted on DNA plates (10 ml containing 1000 spores) and incubated for 24-30 h at 308C. Spots were overlaid with 10 ml of a 25 mM phosphate buffer pH 7.4 solution containing 20 per cent ethanol, 0.6 per cent agarose, 1 per cent sodium deoxycholate and 10 mg TMPD. CcO activity is detected by the appearance of the blue colour of the oxidized product (indophenol blue) of the TMPD substrate and was recorded by taking digital images every 30 s for 5-10 min. ), 378C) that were subsequently used to inoculate 750 ml of medium in 2 l flasks. At an OD 600 of 0.6, 1 M isopropyl b-D-1-thiogalactopyranoside solution (Melford) was added to give a final concentration of 1 mM and the temperature decreased to 258C. Cells were harvested after 16 h at 4000 r.p.m. and lysed using an EmulsiFlex-C5 cell disrupter (Avestin) followed by centrifugation at 18 000 r.p.m. for 20 min at 48C. The clarified supernatant was loaded to a 5 ml Ni 2þ -NTA Sepharose column (GE Healthcare) equilibrated with buffer A (50 mM Tris/HCl, 500 mM NaCl, 20 mM imidazole, pH 8.0) and eluted with a linear imidazole gradient using buffer B (buffer A with 500 mM imidazole the N-terminal His 6 -tag was removed by incubating the protein at room temperature overnight in the presence of 125 U of thrombin (Sigma). The protein/thrombin mixture was reapplied to the Ni 2þ -NTA Sepharose column (GE Healthcare) and the flow-through collected and concentrated at 48C using a centrifugal concentrator (Vivaspin) with a 5 kDa cut-off. Concentrated protein was loaded to a G75 Sephadex column (GE Healthcare) equilibrated with buffer D (buffer C with 2 mM dithiothreitol (DTT)). Fractions eluting in the major peak of the G75 column were analysed by 15 per cent SDS -PAGE and those deemed of good purity were concentrated and stored at 2208C until required. Electrospray ionization -mass spectrometry (ESI -MS) using a Micromass Quattro Ultima triple quadrupole instrument operating in the positive ion detection mode was used to determine the mass of the purified samples. Proteins were desalted and exchanged into 1 M ammonium acetate followed by a 1 : 20 dilution with a 50 per cent methanol and 1 per cent formic acid solution.
Preparation of apo-and Cu(II)-Sco Sl for circular dichroism spectroscopy
Apo-proteins were reduced in an anaerobic chamber (DW Scientific, [O 2 ] less than 2 ppm) with 10 mM DTT and desalted (twice) using a PD-10 column (GE Healthcare) into the desired DTT-free buffer. Concentrations of apo-proteins were determined by UV -vis spectroscopy (Varian Cary 50 UV-vis spectrophotometer) using an extinction coefficient of 14 565 M 21 cm 21 at 280 nm [31] . Cu(II)-loaded samples were prepared in 100 mM sodium phosphate, 50 mM NaCl, pH 7.5 starting from reduced apo-Sco Sl samples incubated with an excess of Cu(II)SO 4 for 30 min. Unbound Cu(II) was removed by desalting (PD-10 column) and concentrating at 48C using a 5 kDa cut-off centrifugal concentrator (Vivaspin). Samples for circular dichroism (CD) analysis were exchanged into 10 mM KPi, 50 mM KF. Far-UV CD spectra were recorded between 260 and 175 nm and visible spectra between 600 and 300 nm at 208C on a Chirascan CD spectrophotometer (Applied Photophysics, Leatherhead, UK) equipped with a thermostatic cell holder controlled with a Peltier system. CD spectra were analysed using DichroWeb [32, 33] with the programs CDSSTR [34] [35] [36] and CONTIN-LL [37] and the databases 4, 7 [36, 38] and SP175 [39] .
Electron paramagnetic resonance spectroscopy
Wilmad SQ electron paramagnetic resonance (EPR) tubes (Wilmad Glass, Buena, NJ, USA) were used and filled with 200 ml of protein solutions (100 mM sodium phosphate, 50 mM NaCl pH 7.5) treated with a sub-stoichiometric amount of Cu(II)SO 4 (50 mM protein þ 45 mM Cu(II)SO 4 ) and frozen in methanol kept on dry ice. EPR spectra were measured at 10 K on a Bruker EMX EPR spectrometer (X-band) at a modulation frequency of 100 kHz. A spherical high-quality Bruker resonator SP9703 and an Oxford Instruments liquid helium system were used to measure the low-temperature EPR spectra. The EPR spectra of the blank samples (frozen water) were subtracted from the EPR spectra of the protein samples to eliminate the baseline caused by the resonator's walls, quartz insert or quartz EPR tube. The baseline was corrected by subtraction of a polynomial line drawn through a set of points randomly chosen on the baseline.
Cu(II) binding to apo-Sco Sl monitored by UV -vis and fluorescence spectroscopy
A stock solution of 100 mM Cu(II)SO 4 was prepared anaerobically and diluted as required. Reduced apo-Sco Sl proteins were prepared anaerobically in 100 mM sodium phosphate, 50 mM NaCl, pH 7.5. Titration of a Cu(II) solution of known concentration using a gastight syringe (Hamilton) into 100 mM of reduced apo-protein in an anaerobic quartz cuvette (Hellma) was monitored at 208C in the UV-vis spectrum. Fluorescence spectroscopy was carried out on an LS 50B fluorimeter (Perkin Elmer). A Trp fluorescence emission spectrum was collected between 300 and 400 nm with excitation at 280 nm. The excitation slit and the emission slit were set at 5 nm, and the change in emission at approximately 330 nm was monitored upon titration of aliquots of a Cu(II) solution into a 5 mM protein solution.
Stopped-flow kinetics
Kinetic experiments were carried out using an SX20 stopped-flow spectrophotometer (Applied Photophysics) thermostatted at 208C with a Peltier system. A stock of 100 mM Cu(II)SO 4 and reduced apo-proteins (20 mM sodium phosphate 50 mM NaCl, pH 7.5) were prepared. Time courses were taken at 360 and 380 nm with various Cu(II) concentrations (20-1000 mM before mixing) and 10 mM protein with the transients fitted to a two-step exponential function. A point-to-point accumulation was carried out over 320-420 nm with a step of 5 nm using 30 mM protein and 100 mM Cu(II) before mixing. The resulting kinetic data were analysed using the program 'PROK' (Applied Photophysics). This program was also used to construct spectra of intermediates using a simple sequential model (e.g. a . b . c). Analysis by singular value decomposition was used to determine the minimum number of species required to reconstruct the original dataset.
Determination of the mid-point redox potential of apo-proteins
Apo-Sco Sl (2.5 mM) and the H176A mutant (2.5 mM) in 100 mM sodium phosphate, 50 mM NaCl, pH 7.5 were oxidized by the addition of 1 mM oxidized DTT (Sigma). The oxidized proteins were titrated with a stock solution of 10 mM reduced DTT (Melford), allowing 10 min for the protein to equilibrate to each new potential. The transition from oxidized to reduced protein was monitored by the increase in Trp fluorescence emission at approximately 330 nm (excitation at 280 nm) measured at 258C with 5 nm excitation and emission slits. Intensity was corrected for dilution effects. A mid-point reduction potential (E m ) was determined by calculating the fraction of Sco Sl reduced ( f r ) at each point in the titration and plotting this as a function of the system potential. The data were then fit to the Nernst equation (3.1)
in which E m and n, the number of electrons, were allowed to float. F is the Faraday constant, R is the gas constant, T is the rsob.royalsocietypublishing.org Open Biol 3: 120163
temperature and E h is the standard reduction potential couple for DTT, which was taken to be 2330 mV at pH 7 and 258C.
Thiol-reductase activity assay
The turbidimetric insulin assay as outlined by Holmgren [40] was used to monitor thiol-reductase activity. E. coli thioredoxin (Trx) and human insulin were purchased from Sigma and reaction mixtures containing 3 mM of protein and 2.5 mM DTT were incubated in K 2 HPO 4 , pH 8 followed by the addition of insulin to a final concentration of 0.17 mM.
The absorbance change at 650 nm caused by the precipitation of reduced insulin chains was monitored using a Cary 50 spectrophotometer every 60 s for up to 2 h. Controls were carried out with Trx in the absence of DTT, bovine serum albumin (BSA) in the presence of DTT and insulin with DTT. and subsequent removal by desalting under anaerobic conditions yielded a protein with accessible thiol groups as determined by the reduction of DTNB (5,5 0 -dithiobis-(2-nitrobenzoic acid) [41] . An average thiol : protein ratio of 1.6 : 1 was consistently determined, which is close to the expected ratio of 2 : 1 based on the presence of two Cys residues in the CXXXC motif (figure 1b). The far-UV CD spectra of reduced and oxidized Sco Sl are shown in figure 2a and are typical for a mixed secondary structure protein whereby the a-helical segments are dominant with some distortion in the 'classical' a-helical CD shape resulting from b-strand segments. Secondary structure content of these two Sco Sl forms was determined using DichroWeb and is reported in table 1.
Reduced apo-Sco Sl binds Cu(II)
To determine whether Sco Sl has affinity for Cu(II), reduced apo-Sco rsob.royalsocietypublishing.org Open Biol 3: 120163 precipitation assay with E. coli Trx as a control was used to assess whether Sco Sl displayed thiol-disulphide reductase activity [40] . From the data presented in figure 4b , it is clear that Trx displays catalytic activity, whereas the long lagphase followed by the slow increase in DA 650 for apo-Sco The function of Sco Sl was probed by comparing morphological development and CcO activity of wt S. lividans 1326 and Dsco strains. The wt strain shows almost full development, aerial hyphae and spore production on R5 medium, and a clear stimulation of development on R5 supplemented with 10 mM Cu(II) (figure 5a). The Dsco mutant, on the other hand, is not capable of switching from vegetative to aerial growth and spore production on R5 medium (less than 0.2 mM Cu(II)), whereas development is clearly restored upon addition of 10 mM Cu(II) (figure 5a). This demonstrates that Sco Sl has a critical role in the onset of aerial hyphae formation at low Cu availability. A similar effect on development of the Dsco strain is seen on DNA medium under low levels of exogenous Cu(II) but development is once more restored on addition of 10 mM Cu(II) (figure 5b). A cox::Apra strain, in which the genes SL2155 and SL2156 encoding for subunits I and II of the aa 3 -type CcO have been removed, appears to be viable and not defective in development under low or elevated Cu(II) ( figure 5a,b) . However, rsob.royalsocietypublishing.org Open Biol 3: 120163 development is somewhat delayed compared with the wt on both R5 and DNA medium. CcO activity was tested for in the cox::Apra mutant by using TMPD as substrate. It is apparent from figure 5b that no indophenol blue was observed and this is therefore consistent with the absence of TMPD oxidation by the aa 3 -type CcO, but also points to the absence of any other Cu/haem oxidases that may be upregulated in the absence of the aa 3 -type (the bo-type and ba 3 -type Cu/ haem oxidases that do not react with TMPD are absent in S. livdians). In line with a putative function of Sco Sl in the assembly of the Cu A site, the CcO activity in the Dsco mutant (figure 5b) is strongly reduced and maximal 25 per cent of the activity is found in the wt strain ( figure 5c,d ).
Increasing the Cu(II) concentration in the medium clearly restores CcO activity to wt levels in the Dsco mutant, corroborating the observation with development that Sco Sl is also not required for maturation of CcO at elevated Cu(II) levels.
Sco Sl binds Cu(II) rapidly in a biphasic process
On mixing reduced apo-Sco Sl with excess Cu(II), a biphasic time course was observed at all wavelengths examined (figure 6a). The rapid phase occupied the first 10 ms after mixing and was followed by a slower phase taking approximately 200 ms to complete (figure 6a figure 6d . It may be observed that the intermediate has a spectrum distinct from the final complex, having a l max at 375 nm and a considerably lower extinction coefficient (figure 6d). These spectral features are similar to those reported for the binding of Cu(II) to Sco Bs [43] . The mechanism described earlier, namely a rapid second-order binding process leading to a spectrally distinct intermediate that then rearranges to form a final complex, is identical to that proposed for Sco Bs [43] but in the case of Sco Sl the rate constants are considerably larger.
H176 is a Cu(II) ligand and stabilizes the cupric state
To explore further the mechanistic and functional properties of Cu(II)-Sco Sl , the effect of removing a putative first coordination sphere Cu(II) ligand was assessed by creating the H176A mutant. The EPR spectra of Cu(II)-loaded wt and H176A mutant are typical for cupric ions [44] ( figure 7) . The perfect fit of the baselines, including the g ¼ 4.3 signal from the adventitious ferric iron in rhombic coordination [45] , indicates that the differences in the EPR spectra of the two proteins, although small, are significant. An additional hyperfine structure is present in the wt spectrum (figure 7a, inset). This is better observed from the derivatives of the spectra (figure 7b, inset), showing that wt Sco Sl has a triplet structure, whereas the mutant H176A has a single line. The separation of these three components in Gauss (approx. 14 G) is consistent with an interaction of the electronic spin with a nitrogen nucleus [46] . Thus, the differences in the EPR spectra of the two proteins can be explained by the presence of an additional N atom in the vicinity of the Cu(II) atom in the wt Sco Sl , whereas such an atom is absent in the H176A mutant, strongly suggesting that His176 is a Cu(II) ligand in Sco Figure 7 . EPR spectra of Cu(II)-loaded Sco Sl and the H176A mutant. The superimposed spectra within the dashed line box are shown in greater detail in inset (a). Derivatives by field have been taken of both spectra and inset (b) shows the second derivatives of the EPR absorption. The most rapidly changing part of the spectra, as the field increases, is highlighted by an oval in both first (inset a) and second derivatives (inset b) of the EPR absorption. The latter representation demonstrates that instead of a single peak in the H176A mutant, there is a triplet with a 14 G separation between the lines in the wt protein spectrum. Instrumental conditions were as follows: microwave frequency n MW ¼ 9.466 GHz, microwave power P MW ¼ 3.181 mW, modulation frequency n m ¼ 100 kHz, modulation amplitude A m ¼ 5 G, time constant t ¼ 81.9 ms, scan rate V ¼ 22.6 G s
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, number of scans per spectrum NS ¼ 1, each spectrum represents an average of three spectra obtained from three independent samples. rsob.royalsocietypublishing.org Open Biol 3: 120163 spontaneously bleach, and a slight but significant increase in the W132 emission is observed ( figure 8b) . Similarly, the absorption bands in the visible CD spectrum spontaneously decay with time at Cu(II) stoichiometries of 1 or greater, with a decay rate, k red , of 3.1 Â 10 24 s 21 ( figure 8c, inset) . The observation that the W132 emission does not return to apo-Sco Sl intensities suggests that an autoreduction process is occurring resulting in Cu(I)-H176A. Finally, an E m of 2279 mV for the CXXXC motif in the H176A mutant was determined (figure 4a), and from the insulin precipitation assay catalytic thiol-disulphide reductase activity was absent for the apo-H176A (figure 4b).
Complementation of the Dsco strain with pSco
Sl restores function but pH176A does not
To test the effect of the H176A mutant on development and CcO activity, complementation experiments with low copy number plasmids expressing the wt Sco Sl gene ( pSco) and the H176A mutant ( pH176A) were carried out. For transformation of pSco and pH176A into the 1326 wt strain, no effect on growth or development on DNA at low [Cu] or with 10 mM Cu(II) was observed. However, a small and reproducible effect on CcO activity was observed on DNA without added Cu(II). Figure 5d illustrates that the H176A mutation has a negative effect on CcO activity in the wt strain, whereas the wt Sco protein has a small positive effect. In the Dsco mutant, the development and CcO activity under low Cu(II) concentrations are restored to near wt 1326 levels upon transformation with pSco ( figure 5c,d ). However, pH176A was not capable of restoring development or CcO activity to wt levels in the Dsco mutant although a small increase in activity is observed in the absence of exogenous Cu(II) (figure 5d). We also note that the time courses for the TMPD assays are multiphasic in the absence of added Cu(II). At 10 mM Cu(II), the development and CcO activity in all Dsco transformants on DNA are restored to wt levels (figure 5c,d), and the TMPD time courses now concur to a single phase (figure 5d ). Taken together, these data indicate that the phenotype and reduced CcO activity in the Dsco mutant can be attributed completely to the absence of Sco Sl , and that despite the H176A mutant being able to stoichiometrically bind Cu(II) in vitro, it is not capable of supporting wt levels of development and CcO activity at low Cu(II) concentrations in vivo.
The H176A mutant reveals a spectrally distinct intermediate on binding Cu(II)
The kinetics of Cu(II) binding to the H176A mutant were studied in a similar manner to those of the wt Sco [16, 20, 23, 42, 47] have identified a type 2 Cu centre, with UV-vis absorption spectra displaying similar features to the red cupredoxin nitrosocyanin that binds Cu(II) in a square pyramidal geometry using two N(His) ligands, a single S(Cys), a solvent water molecule in the basal plane and a coordinating O(Glu) as the axial ligand [48] . The major absorption band in the visible region for Cu(II)-nitrosocyanin (approx. 390 nm) and Cu(II)-Sco (approx. 360 nm) are reported to arise from S(Cys)-Cu(II) charge transfer dominated by s rather than p orbital interactions as is the case in cupredoxins [49] . The absorption spectra for Cu(II)-Sco Sl and the H176A mutant ( figure 2b) have the same overall features as Cu(II)-Sco Bs [23] , the Cu(II)-H135A mutant of Sco Bs [50] and the eukaryotic Sco1
proteins form yeast and human [20, 47] ). Our findings are thus in keeping with results from a similar assay with human Sco1, where thiol-disulphide activity was not detected [20] . An E m of 2280 mV for the CXXXC motif of Sco Sl has been determined in this study and is comparable to that of the E m for the CXXC motif of Trx (2270 mV). However, these similarities in E m are not sufficient to infer catalytic activity in apo-Sco Sl when present in an insulin precipitation assay where Trx clearly possesses thioldisulphide activity and, therefore, catalytic activity is not inherent on the E m of the disulphide motif in the respective proteins. Furthermore, the E m of the H176A mutant is unaffected, and this finding coupled with the observation that Cu(I) is the more stable oxidation state of the Cu bound H176A has ramifications for interpreting the lack of development and CcO activity in vivo with this mutant (vide infra).
At low Cu levels morphogenesis and CcO activity require the assistance of Cu(II)-Sco Sl
The absence of indophenol blue from the TMPD assay in the cox::Apra strain is consistent with no activity from the aa 3 -type oxidase (figure 5b). However, in the Dsco mutant indophenol blue is detected, albeit to a much lower level than in the wt strain or upon addition of exogenous Cu(II) ( figure 5b-d activity is restored in the Dsco mutant, indicating that under these conditions the role of Sco Sl is bypassed with Cu being delivered to the Cu A site through another means or by spontaneous self-assembly. The H176A mutant binds Cu(II) readily, but is susceptible to an autoreduction process that results in the Cu(I)-bound state. The inability of the H176A mutant to restore CcO activity in the Dsco mutant under low [Cu(II)] may therefore be due to the mutant's inability to maintain the Cu(II) oxidation state, with the Cu(I) bound state no longer active in transferring Cu to the Cu A site. The absence of CcO activity and development with this mutant further questions the role of the proximal 3965 gene that encodes for a PCu A C-like protein in the co-factoring of the Cu A domain. Recent data from R. sphaeroides are in accordance with our data supporting the maturation of the Cu A site proceeding only via a Sco-like protein, PrrC, with a PCu A C-like protein having an as yet undefined role [52] . Although not tested in this study, it is conceivable that Cu plays a role in thiol-disulphide redox activity of Sco Sl and that the stabilization of the cuprous state by the H176A mutant inhibits any electron donation involving Cu oxidation. Further studies into this role are planned.
A second Cu(II)-Sco Sl target is required for aerial hyphae formation in Streptomyces lividans
As indicated, despite the presence of low levels of CcO activity in the Dsco mutant, the developmental switch from vegetative to aerial mycelium clearly does not occur in the absence of Sco Sl (figure 5a). If deleting the sco gene would be equivalent to only strongly reducing the CcO activity, the phenotypes of the Dsco and cox::Apra mutants would be expected to be very similar. However, this is not the case as the cox::Apra mutant is still capable of full development at low [Cu(II)], whereas the Dsco mutant is stalled in the vegetative growth phase (figure 5a). This leads us to speculate that a second Sco Sl target is involved in initiation of aerial hyphae formation. This Cu-Sco Sl target is likely to be a cuproenzyme and its identification is currently in progress. Furthermore, the observation that a strain lacking the terminal aa 3 -type oxidase can survive and initiate a full life cycle demonstrates that another terminal oxidase, incapable of reacting with TMPD, can take over respiration (figure 5b). Genes for the terminal quinol bd-type oxidase are present in S. lividans and is thus a good candidate.
Sco Sl captures exogenous Cu(II) rapidly
While our data establish that Sco Sl acts as a Cu(II)-metallochaperone, how it acquires Cu(II) in vivo is not known. Sco Sl is exported via the secretory (Sec)-pathway so is likely to obtain Cu once folded in the extracellular environment through a ligand-exchange interaction with another Cuchaperone [51] . Under low Cu levels, it is expected that the cells' most efficient chaperone and scavenging systems operate, facilitating the efficient delivery of Cu to required locations, consistent with our in vivo data for Sco Sl at low [Cu] . An emerging paradigm is that periplasmic (and possibly extracellular) cuproproteins may obtain Cu not from periplasmic or extracellular pools but from Cu that has been routed via the cytosol and delivered by P 1 -type ATPases [53] . Regardless of how Sco Sl is co-factored in vivo, the mechanism through which Cu(II) binds to apo-Sco Sl in vitro may best be understood through figure 10 . The loops containing the Cu binding Cys residues and the His residue in Sco proteins (figure 1b) have been reported to be highly dynamic in the absence of Cu [22] . Therefore, the apo-Sco Sl can be considered to have multiple conformations in equilibrium with one another, with some possessing a pre-formed Cu(II) binding site (figure 10 . Although it appears that Cu(II) capture undergoes a similar mechanism to that reported for Sco Bs , the rates for Sco Sl are considerably quicker (k 1 . three orders of magnitude, k 2 . 10 times faster) indicating that Sco Sl is much more efficient in Cu(II) capture and rearrangement to the final complex. Our experiments were carried out under similar conditions (temperature, pH and ionic strength) and thus structural differences inherent between proteins or the dynamics of the loops housing the Cys and His residues governing the accessibility to Cu(II) may be a reason.
H176 plays a significant role in Cu(II) capture
The second-order rate constant for the H176A mutant is significantly lower than wt (figure 10) and probably reflects the differences in the geometry of the intermediate site in the absence of the His residue. The spectrum of the intermediate is again dominated by thiol binding but the spectral modulation ( position of l max ) given by His coordination is absent in the mutant compared with wt ( figure 10 ). Interestingly, the His coordination appears to modulate the spectrum of the intermediate to a greater extent than the final complex in which both thiols bind to the Cu(II) ( figure 10 ).
The second-order nature of Cu(II) binding gives way to a first-order process at high [Cu(II)] (figure 9b), indicating that the rate limit for the formation of the intermediate species becomes rate limited by the rate at which the binding site can be formed in the absence of H176. This may be unremarkable given the different stereochemistries required to bring a His-N into the site as opposed to an amide-N close to the thiol. The intermediate nevertheless rearranges, albeit on a slower time scale than wt, to form the final product, in keeping with the kinetic restraints imposed by the absence of the His. The absence of H176 therefore does not impede Cu(II) capture but in its absence it becomes less efficient. H176 therefore clearly has a role in Cu(II) capture and is critical for maintaining the cupric form that is essential for the functional role of Sco Sl .
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